Contact insecticides are commonly used in controlling the red imported Þre ants, Solenopsis invicta Buren. Numerous contact insecticides have been tested by broadcast application (Blake et al. 1959 , Lofgren et al. 1961 , Reinert 1998 , individual mound treatment (Appel and Woody 1990 , Reinert and Maranz 1996 , Jones et al. 1998 , and zone treatment (Pranschke et al. 2003) . In broadcast application and individual mound treatments using contact insecticide, contact between ant and insecticide is required for the treatments to be effective. There are two possible types of contact between ants and insecticide, passive contact and active contact. Passive contact occurs when insecticide directly reaches ant body during the application process. Active contact happens when ants dig the treated soil and/or walk on the treated soil surface. Active contact may be the only way for some foragers to become exposed to the insecticide. For example, in individual mound treatments, foragers might be outside the mound during the insecticide application, so the only way for them to contact insecticide is to dig the treated mound soil or to walk on the treated surface. Contact insecticide may not be able to reach some ants inside the mound during application, because of the complexity of the mound structure.
An ideal contact insecticide for Þre ant control would be one that does not deter the initial digging behavior even at its lethal concentrations. Such insecticides ensure that ants that miss the passive contact still have an opportunity to achieve active contact. Chen and Allen (2006) successfully demonstrated that workers of red imported Þre ant dug the sand treated with lethal doses of Þpronil; however, no such information is available on other contact insecticides that are currently registered for Þre ant control. The objective of this study was to investigate whether Þre ant workers dig sand treated with these contact insecticides. The tested insecticides included eight contact insecticides that are currently registered in the United States for Þre ant control: acephate, bifenthrin, carbaryl, cyßuthrin, deltamethrin, ␥-cyhalothrin, permethrin, and pyrethrin. Fipronil was excluded because it had been studied in a previous publication (Chen and Allen 2006) .
Materials and Methods
Insects. Ant colonies were collected from Pearl River County, Mississippi, on 25 March 2005 and Washington County, Mississippi, on 4 April 2005. Colonies were separated from soil by using a modiÞed method of Banks et al. (1981) , with a higher water dropping rate. Ants were reared in a plastic tray (44.5 by 60.0 by 13.0 cm) and Fluon (Ag Fluoropolymers, Chadds Ford, PA) was used to coat the inside wall to prevent ants from escaping. A 500-ml polypropylene square bottle (VWR International, West Chester, PA) with two holes was used as a water supply device. The holes were blocked using cotton balls where ants accessed the water in the bottle. An artiÞcial nest (14-by 2.0-cm petri dish with hardened dental plaster (Castone; Dentsply International Inc., York, PA) on the bottom (1.0 cm in thickness) was placed in each tray. There was a 5.0-cm-diameter brood chamber in the nest. Heliocoverpa zea (Boddie) and tobacco budworm, Heliothis virescens (F.), pupae were used as food sources and provided ad libitum in a petri dish. Colonies were maintained in a rearing room at 25Ð 27ЊC, 58% relative humidity, with a photoperiod of 12:12 (L:D) h.
Insecticides. Acephate (purity, 97.2 Ϯ 1.0%), ␥-cyhalothrin (purity, 99.7%), cyßuthrin (mixture of isomers, purity 98.3%), deltamethrin (purity, 99.8%), permethrin (mixture of cis-and trans-isomers, purity 97.6%), pyrethrin (technical mixture of cinerin I and II, pyrethrin I and II, and jasmolin I and II, purity 21.75%) were obtained from Sigma-Aldrich (St. Louis, MO). Carbaryl (purity, 99 Ϯ 0.5%) and bifenthrin (purity, 99 Ϯ 0.5%) were purchased from Supelco (Bellefonte, PA).
Determination of Worker LC 50 Values. Mortality of 50 Þre ant workers, 24 h after being placed on 40-g insecticide-treated sand in a petri dish (9 cm in diameter, 2 cm in height), was used to calculate the LC 50 . For each insecticide, six to 11 concentrations were tested, and there were three replicates for each concentration. Fifty worker ants of different sizes were randomly sampled from a colony and placed in each petri dish. The number of dead ants was counted after 24-h exposure to the insecticide. The means of percentage of mortality were subjected to probit analysis to estimate LC 50 values (SAS Institute 1999). Ants used in this experiment were all from the same colony. Experiments were conducted at room temperature (22.64 Ϯ 0.62ЊC). The moisture content of the sand was 8% because Chen (2006) found 4 Ð 8% water content in sand was adequate for digging bioassay. Except for acephate, which was dissolved in distilled water, acetone was used as a solvent for all other insecticides. Sand (Premium Play Sand, Plassein International, Longview, TX) was washed using distilled water and dried at 350ЊC overnight. Treated sand was prepared by placing 120 g of sand in a 1000-ml beaker, adding a 10-ml acetone solution of insecticide into the beaker, and then shaking the beaker to mix the sand with the solution. After acetone was evaporated under a fume hood (40 min), 10.45 ml of distilled water was added into the beaker. Sand in the beaker was stirred with a glass rod to ensure the homogenous mixture of sand and water. For acephate, the water solution was directly added into the sand. The amount of water was adjusted to ensure that the Þnal amount of water was 10.45 ml. The inside wall of the petri dish was coated with Fluon to ensure the contact between ants and the No-Choice Digging Bioassays. The bioassay developed by Chen and Allen (2006) was used for the no-choice study. The apparatus consists of one petri dish (9 by 2 cm) and a capped Wheaton liquid scintillation vial (2.8 by 6.1 cm) right underneath it ( Fig.  1 ). There was a 3-mm access hole between the petri dish and the vial. The inside wall of the petri dish was coated with Fluon. The sand preparation method was similar to that described above except 200 g of sand was used. Three concentrations were used: the lowest lethal concentration (LLC) that caused 100% mortality in LC 50 tests; a concentration that was 10 times the LLC (LLC ϫ 10); and a concentration that was onetenth of the LLC (LLC/10). A mean Ϯ SD of 36.45 Ϯ 0.75 g sand was added into each vial. Fifty Þre ant workers were introduced into each petri dish. After 24 h, sand in each petri dish was collected, dried at 250ЊC for 12 h, and weighed. Number of ants in the dish and the vial were recorded. There were Þve replicates for each concentration. Ants used in this experiment were from four different colonies; however, for each insecticide, all ants were from the same colony. The general linear model analysis of variance (ANOVA) and least signiÞcant difference (LSD) test (PROC GLM, SAS Institute 1999) were used to compare the amount of sand removed and ant mortality among treatments and controls. SigniÞcance was determined at P Ͻ 0.05. A t-test (critical P value ϭ 0.05) was used to compare numbers of ants in the dish and vial separately for live and dead ants. Two-Choice Digging Bioassays. The bioassay method of Chen and Allen (2006) was used for the two-choice study. The apparatus consisted of three laterally connected petri dishes (9-cm ϫ 2-cm): a home dish, treatment dish, and control dish (Fig. 1 ). These petri dishes were connected together using glue (Arrow Fastener Co., inc., Saddle Brook, NJ) and a capped Wheaton liquid scintillation vial (2.8 cm ϫ 6.1 cm) was placed under each petri dish. At the center of the treatment and control dishes, a 3-mm access hole was drilled through the vial cap underneath. There were two holes (0.5 cm diameter), each on the connection point between home dish and other two dishes. The inside wall of all petri dish was coated with Fluon. The sand preparation method was the same as described above. Insecticide-treated sand was placed in the vial under the treatment dish and untreated sand in vial under the control dish. Fifty Þre ant workers were introduced into the home dish. The LLC ϫ 10 was the only concentration evaluated in two-choice bioassay. The experiment was conducted at 23ЊC. After 24 h, sand in each petri dish was collected, dried at 250ЊC for 12 h, and weighed. Sand in each vial was collected if there was sand in home dish. The amount of sand removed was calculated from the weight difference before and after the digging experiment. The number of ants in each dish and vial was recorded. A paired t-test (critical P value ϭ 0.05) was used to compare mean amount of sand removed and numbers of ants in the treatment vial with those in the control vial. Ants used in this experiment were from the same colony.
Results
Worker LC 50 Values. The LC 50 values of eight contact insecticides on Þre ant workers are presented in Table 1 . In no cases did control mortality exceed 5.0%. Among the eight insecticides, carbaryl was the least toxic to Þre ant workers and deltamethrin was the most toxic. LC 50 values were all different because no overlap of Þducial limits existed among LC 50 values.
No-Choice Digging Bioassays. The amount of sand removed and worker mortality are summarized in Table 2. Workers dug treated sand in every case, even at the LLC ϫ 10. However, digging behavior was significantly reduced even at LLC/10, which was lower than the highest concentrations that did not cause any signiÞcant mortality in LC 50 tests. Mortality at the LLC was always signiÞcantly lower than that at LLC ϫ 10. Mortality at LLC was signiÞcantly higher than that at LLC/10 for acephate, bifenthrin, carbaryl, cyßuth-rin, ␥-cyhalothrin, and deltamethrin; however, there was no signiÞcant difference in mortality between LLC and LLC/10 for permethrin and pyrethrin. Difference in mortality between LLC/10 and control was not signiÞcant for all insecticides. SigniÞcantly more sand was removed at control than that at LLC for all insecticides. The amount of removed sand at the LLC was signiÞcantly higher than that at the LLC ϫ 10 for cyßuthrin, ␥-cyhalothrin, deltamethrin, and pyrethrin. However, for the rest of insecticides, there was no difference in amount of removed sand between these two concentrations. Only acephate, carbaryl, and deltamethrin achieved 100% mortality at the LLC ϫ 10. The rest of the insecticides caused only 12 to 90% mortality at the LLC ϫ 10 level. In controls, after 24 h the majority of live ants were found in the vial and dead ants, if any, were all in the dish (Table  3) . At the LLC dead ants were found in the vial for all insecticides except acephate and pyrethrin. At LLC ϫ 10, the majority of live ants, if any, were in the dish. The majority of dead ants were also in the dish, although dead ants were found in vials for all insecticides except acephate.
Two-Choice Digging Bioassays. The amount of removed sand and worker mortality are summarized in Table 4 . For all eight insecticides, workers dug into the treated sand; however, except for acephate, workers removed signiÞcantly more sand from the control vial than that from the treated vial. No insecticide caused 100% mortality. Acephate and bifenthrin were two insecticides that achieved the highest mortality (80.60 and 46.00%, respectively), whereas pyrethrin had the lowest mortality (4.33%). For each insecticide, significantly more dead ants were in the treatment (dish ϩ vial), whereas signiÞcantly more surviving ants were in the control (dish ϩ vial) ( Table 5 ).
Discussion
For all eight insecticides, workers dug the treated sand in both no-choice and two-choice bioassays. This indicates that Þre ant workers may have opportunity to actively contact soil treated with these insecticides, even at concentrations that were lethal to Þre ants. Pyrethroid insecticides were considered as "repellent and fast-acting contact insecticides" when used in surface treatments in and around structures, in contrast to the Þpronil that was labeled as "nonrepellent slow-acting contact insecticide." Digging behavior of Þre ant workers on sand treated with pyrethroids, such as bifenthrin, cyßuthrin, deltamethrin, ␥-cyhalothrin, and permethrin, suggested that these insecticides might not repel ants but merely prevent ants from digging further by killing or weakening some ants, which might signal other ants to stop digging. How many ants can achieve active contact may depend on how rapidly the insecticide acts, which is most likely related to insecticide concentration in the soil.
To relate the concentrations of contact insecticides used in this study to their application rates recommended in product labels, one insecticide product for each active ingredient was chosen to calculate the insecticide concentration in the soil. Acephate 75 WSP (United Phosphorus Inc., Trenton, NJ) was selected for acephate; Talstar GC Granular Insecticide (FMC Corporation, Agricultural Products Group, Philadelphia, PA) for bifenthrin; carbaryl 10% Dust Except pyrethrin in Organic One Fire Ant Insecticide, the estimated concentration of each contact insecticide in the soil was much higher than that used in this study. To exploit the active contact, the applica- tion rates for these products may have to be signiÞ-cantly reduced. However, in addition to the active ingredient, other components in a formulation may affect digging behavior. The effect of a commercial product on Þre ant digging behavior can only be evaluated using commercial formulation rather than just pure active ingredient.
Because workers in no-choice bioassays were not from the same colony, any comparisons among insecticides may not be adequate. However, because workers were randomly sampled from the same colony for a particular insecticide, any comparison in one bioassay is valid. SigniÞcant difference in the amount of removed sand among treatments and controls in nochoice bioassays might be explained by the lethal and sublethal toxicity of the insecticides. At the sublethal concentrations, such as the LLC/10 concentrations for all eight tested insecticides, no signiÞcant mortality was observed. Nevertheless, ants might have been signiÞcantly weakened, resulting in a signiÞcantly lower amount of sand being removed from the arena. However, differences between treatment and control in two-choice bioassays could not be explained solely by the toxicity. When ants had equal chance to dig sand in treatment and control arenas, they would dig equal amount of sand from both arenas, even when they had been intoxicated by the insecticide. Such differences might be explained by labor allocation. In Table 3 . Number of live and dead workers in dish and vial of no-choice digging bioassay apparatus 24 h after workers were released in the dish (mean ؎ SE, n ‫؍‬ 5) two-choice bioassays, the digging task might be allocated at two locations: treatment and control. Ants might be grouped somehow based on digging sites. An ant that initially dug in the control most likely would dig in the control for the remainder of the bioassay period. Consequently, ants grouped on treatment location were more likely to be intoxicated or killed, which would lead to signiÞcantly less treated sand being removed from the vial. Labor allocation also was supported by the ant distribution data in the bioassay apparatus: more dead ants were found in the treatment and more live ants in the control. The same rationale might explain the fact that not a single insecticide at LLC ϫ 10 in two-choice bioassays achieved 100% worker mortality. Some ants that initially dug into the sand in a control vial might never be exposed to insecticides. Transient division of labor, the short-term adherence to a speciÞc task to the exclusion of other tasks, was demonstrated in other ant species, such as cooperative prey retrieval in Formica schaufussi (Robson and Traniello 2002) . However; whether the transient digging tasks in S. invicta are indeed allocated by digging sites can only be answered by further experiments. Worker ants removed from a colony may behave differently from ants in an intact colony. General Þt-ness also may vary from one ant colony to another. To more closely simulate the effect of insecticide on digging behavior in the Þeld, intact colonies from different locations must be used for future studies.
Acephate is the only insecticide that did not cause signiÞcant differences in the amount of sand removed between treatment and control in the two-choice bioassay. Acephate is the only water-soluble organophosphate among the eight insecticides tested in this study. This may justify further investigation of water-soluble organophosphates for Þre ant control.
Chemical control using contact insecticides will continue to be a critical component in Þre ant management. Unlike Þre ant bait technology, which has attracted more attention from entomologists attempting to maximize the bait efÞcacy by exploiting Þre ant behavior, few researchers have focused on enhancing the efÞcacy of contact insecticides by exploiting ant behavior. Incorporating chemicals that elicit ant digging behavior into contact insecticide formulations may prove to be a promising line of research. 
